Abstract: Total neutron cross sections up to about 200 keV have been measured for vanadium and manganese. A multi-level formula was employed to compute the resonance parameters. Spins were assigned to 211evels in vanadium and 42 in mangal'l.ese. The distribution oflevel widthobeys a Porter.;.Thomas distribution only in the case of manganese; possible reasons for the deviations observed in vanadium are proposedT he most probable strength functions werecomputed as (8
Introduction
Total neutron cross sections in the keV region are of considerable interest for the theory of nuclear reactions. Neverthe1ess, the existing data are still quite unsatisfactory due to the difficulties ofhigh-resolution spectroscopy in this energy range. Most experimental data on s-wave neutron strength functions in the medium-mass region are based on a small number of resonance parameters measured over a linrited energy range only. As the neutron strength function must be considered as a statisticaI property ofthe nucleus, these determinations suffer from largeuncertainties and might be seriously affected by an intermediate structure.
To get reliable values for the strength function, it 18 not only necessary to determine a sufficient number of reson.ance parameters but also to do this over an energy range large enough to average out any possible intermediate structure effects; this is especially important if the spin dependence of the strength function isto be investigated, as doorway states might cause accumulation of resonances with the same spin at certain energles.
A study of a large number of resonances in a particular isotope would further yield valuable information on the statistical properties of excited levels and allow the direct determination ofthe spin cut-off parameter appearing in the statistical model of the nuc1eus.
Firk et al. 1) , have measured the parameters of six resonances of vanadium up to 25 keV. Measurements at higher energies were performed with the cyc1otron of the Columbia University by Garg et al. 2) . Spin values have been assigned for six resonances between 20 keV and 100 keV by these workers. The cross section between 30 keV and 70 keV was also measured by Morgenstern et al. 3) using the linear accelerator atSac1ay. No spins were given in this case, only the resonance energies were tabulated.
Manganese too has been investigated by the latter two groups. The Columbia group gives spin values for 16 resonanceswith energies up to 60 keV, while the Sac1ay group determined the spin values of 14 resonances,between 10 keV and 74 keV.
It was the intention of this work to measure the cross sections of vanadium and manganese up to about 200 keV with sufficient precision to allow the determination of all major resonancesin the energy range covered.
Experimental method
The total neutron cross section was measured by the time-of-flight method employing a 3 MeV van de Graaff accelerator producing 1 nsecpulses. The neutrons were generated ina thick lithium target by the (p, n) reactioll. Up to about .60 keV, a baron slab, viewed by four scintillation crystals perpendicular to the neutron beam, was used together with a flight path of 6.2 m. At hjgher energies a proton recoi! detector at a distance of 10m from the target was employed. A more detailed discussion of our spectrometer has been given elsewhere 4) .
The time resolution of theexperimental set-up. with the boron-slab detector was determined asa functionof the neutron energy by measuring the time width of the 478 keV ')I-line originated in the lithium target and by taking into account the transit time of the neutrons through the detector volume and the channel widthofthe analyser. The energy resolution was found to be 0.6nsec/m at 60 keV. For theproton recoi! detector oue gets in a similar way aresolution of 0.39 nsec/m at 220 keV.
The time off1.ight was measured with a digital ti1Ue coder (HC98 from Intertechnique) with a smallest channelwidth of 1 nsec anda large time range (4 Jlsec}..Both spectra, with .and without sampie, were stored in the memory block of a CAE R"V 510 computer. The background was estimated during the same measurement by observing the intensity in the time spectrum just above the maximum neutron energy.
For best results, the transmission~hould be kept between 0.6 and 0. As with a van de Graaff generator, the place of origin of the neutrons is rather wen defined, the physical size of the sampies could be kept small. A few gram of sample material is quite sufficient, so that with the same setup, separated isotopes can be studied.
Analysing tecbnique
For the analysis of the data, only s-wave scattering has been considered. The probability that p-waves cöntribute appreciably to the cross sections is extremely small due to the minimum of the p-wave strength function near A = 50. Furthermore the penetrability for I = 1 is such that the existence of resonances broad enough to be resolved experimentally is rather unlikely.
Because both isotopes investigated have rather complex spectra, the multi-level formula which results from the R-matrix theory has been employed 5). For s-waves, the cross section is givenby
,
where a is the radius of the nucleus and gJ the spin multiplicity. The widths and resonance energies Tu and Eu are to be determined from the cross section curve; R J takes into account the infiuence of the resonances outside the measured region. It was found that the cross section between the resonance peaks could be better fitted by eq. (1) when a slight energy dependence of R J was assumed. In eq. (3) therefore the expression (4) was used with E M the midpoint of the measured energy range. The parameters Ab B J and C J were chosen to give the best fit away from resonance peaks for the
• compJlete energy reglOn. For comparison between the theoreücal cross section and the 0 bserved results, the finite resolution of the spectrometer has to be taken into account. To achieve this the multi-level formula was folded with the experimental resolution function, assuming the latter to have a Gaussian form.
Resmts 4.L RESONANCE PARAMETERS
The vanadium data. In fig. 1 , the experimental cross section i8 shown. The solid line \.
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,~{\ 11 ;1 .. represents the multi-level formula calculated with the resonance parameters given in At 58 keV, we find only a small resonance superposedon a large resonance at 57.45 keV, while Morgenstern et al. found a large resonance at 58.06 keV superposed on a smaller one at 57.38 keV. They therefore assumed that the sharp minimum at 59 keV is a result ofinterference between the resonances at 58 keV and 59.5 keV and assigned a spin value of 2 to the latter peak. From our results, however, it is obvious that the resonance at 59.5 keV interferes with the one at 57.45 keV, therefore spin of 3 must he assigned to that level. Superposed on trus peak is a smaller resonance at 59.95 keV, which has not been noticed before. Furthermore our results show a reversed order of the spin values for the four resonances between 66.6 keV and 73.9 keV. In general the multi-level formula fits theexperimental results very welle Deviations at some energies may be explained by unresolved resonances.
DISTRIBUTION OF REDUCED NEUTRON WIDTHS
Generally it is assumed that the reduced neutron widths with a given spin and parity are distributed to a Porter-Thomas function, vize
To test the distribution oue has to keep in rnind that resonances below a certain width have escaped detection. By assuming the validity of eq. (5), it is possible to estirnate the number of missed resonances, if the experimental resolution limit Is known. In this connection, the resolution limit must be considered as the smallest width from which parameters can still be found; with the analysing technique employed this is about ! .of the instrumental resolution width.
Applying this separately to the two different spin systems~the results in tables 5 and 6 are obtained for vanadium and manganese, respectively. The number of levels N, the average level distance D, the averaged reduced neutron width .r~and the strength function S as computed direct1y from the resonance parametel s are given in the first row. In the second row, the corresponding values after correction for missed levels are tabulated. In table 7 the same parameters are given per spin system assuming no spin dependence. The values for D and r~are changed considerably by inc1uding missed leveIsw hile the infiuence of missed levels on the strength function is small. In the case of vanadium~this correction yields only five unresolved levels, which i8 unrealistically low~as 27 resonances tao smaH for the determination of the parameters have already been detected experimentally. It is difficult to believe that p-waves are responsible for these additional peaks, and it must consequently be concluded that theassumption of a Porter-Thomas distributionis not valid in this particuIar nucleus.For a study of the width distribution, therefore, instead ofusing the missed level theory, all detectable but not analysed peaks were taken into account. Their widths were taken to be below one tenth of the average levelwidth. Fig. 3 shows the resulting distribution independent·ofthe spin. In this representation, Nis the number ofleve1s with a normalized reduced width larger than r~/t~. The experimental result is given as a histogram with a smooth curve representing the Porter-Thomas distribution. As can be seen from the graph, the agreement is poor; adefinite shortage of levels with medium widths is observed. . F or manganese, the missed level theory predicts 42 resonances below the resolution , limit. At least 11 of them can be distinguished from the cross-section curve. The rest might be responsible for the few regions where the calculated cross section is lower than the observed results.The reduced width of these small levels can again safely be taken as one tenth of the average value. The resulting distribution is given in fig. 4 . Here the two spin systems were treated separately and added afterwards to get better statistics. As expected with the above assumption, an agreement with the PorterThomas distribution is found. The agreement is equally good if the spin-independent distribution is used.
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The different behaviour ofthe width distributionsfor 51V allel 55MllD.1ight pe.rhaps be explained by shell· effects. In vanadium, the f t neutron shell is closed. A nucleon interacting only with the neutrons of the nucleus will, at excitation energies of less than 10 MeV form very simple excited states due to the low level density above the ground state. Most probably only two-particle-one-hole states, which are known as doorway states, will be created, leading to very broad resonances when decaying into the open channeI 6 ). If, however, the excitation energy is taken partly or wholly by the protons of the nucleus, the situation is quite different. Due to the partly filied frproton shell, a large level density is nowavailabIe, enabling the nuclells to form more complicated compound states which have, as a consequence of the twoparticle character of nuclear forces, a much longer lifetime. One expects, therefore, in the spectrum a superposition of two systems with widely differing average widths.
It cannot be expected that such a combination willobeya Porter-Thomasdistribution.
In the case of manganese, the proton and neutron shells are both not closed, and a more uniform distribution i8 the result. For manganese our results agree with those of other workers 3, 8) . We expect that our experimental results for 8 given in tables 5 and 6 are correct Assuming a spherical symmetrical potential, the optical model predicts a maximum fQI'.t1J.~s..wav~str~n.gt1J. fUl1,GtiQIll1,e(ir A -55 aI:l44. = 155. The eJeperirp.eIltal !"~sl1lts .have~hown quite clearly that the peak at A = 155 is a double peak. Such splitting was explained by Buck and Percy 7) by collective motions. Their calculations predict also that the maximum at A -55is shiftedto about A = 50 ifthe nuclei are assumed to be dynamically deformable in this mass region. Experimental results are at present not good enough to distinguish between these two models. From our results, however, it seems that the maximum of the s-wave strength function is nearer to A -50 than A = 55, wruch would support the results of Buck and Perey also for medium-mass nudei.
The spin dependence of the strength function is one. of the questions·which is currently receiving increasing attention. A (2J+ l)-dependence is proposed by some 7 for 77Se, fu"1ding the larger strength function for the smaller spin. The opposite has been found by Ribon et af. 11) and Pönitz 12) for 104Rh; both find a value S1/S0 '> 2. No spin dependence has been found by ". . Chrien et ale 13) for the rare earths used in their experiments.
All the above mentioned results have in common that they were determined by considering a very limited energy range only. Intermediate structure effects will probably be an important factar in those measurements, thus explaining the incon= sistent results for the different nudeL
To demonstrate this 9 we have listed in tahles 8 and 9, the spin dependent strength functions calculated for 50 keV intervals. Especially for vanadium, where very simple compound states (isolated doorway) are highly probable due to shell closure, strongly contradicting results are obtained for different energy intervals. . We therefore get no spin dependence for both nudei within the statistical uncertainty. Unfortunately, the statistical error in the above value8 i8 so large that a (2J + l)dependence cannot be excluded either. To answer this question it i8 necessary to study target nudei with spin t where the difference would be more prominent.
With present spectrometer resolutions, it can be hoped only near the 3s-maximum of the strength function to find a sufficient number of resonances over an energy range large compared with the intermediate structure. U nfortunate1y in this mass region, pure separated isotopes have to be used. Such measurements are now in progress in this laboratory.
SPIN DEPENDENCE OF THE LEVEL DENSITY
Enough resönances for manganese have been measured to determine the spin cut-off parameter from the Bethe formula 14), for thc compound nucleus 56Mn.
A value of (J = 3.3=~:~is found without missing levels. Correcting for them this value changes to 2 5 +0.7 The stated errors are the statistical uncertainties as expected from the Wigner distribution of the level distances. The spin cut-off parameter for 56Mn has been given by Ericson 15) as 4.5. It was calculated by making use of the total level density as found from. (d, p) reactions by Green et al. 16 ) and the neutron scattering results of Marshak and Newson 17) . In this case, the combined level density at· the neutron binding energy for the two possible spin systems was" calculated from only six resonances. Substituting our results for those from ref. 17) , the same calculation is found to yield (J = 3.4 if not corrected for missed levels, and (J = 2.7 when this correction is applied. One can see that the values for both methods are in good agreement.
